ABSTRACT
INTRODUCTION
The tripeptide glutathione, L -γ -glutamyl-L -cysteinylglycine (GSH), is involved in a wealth of cellular processes, including protein synthesis, regulation of enzyme activity and detoxification of reactive oxygen species and exogenous hazards (6) . We constructed a gsh1deletion mutant of the unicellular eukaryote Saccharomyces cerevisiae that is not able to synthesize the GSH precursor, γ -glutamyl-cysteine, because of missing γ -glutamyl-cysteine synthetase activity and is therefore GSH auxotrophic. Since external γ -glutamylcysteine and GSH either in reduced or in oxidized disulphide form (GSSG) are taken up readily by yeast mutants (7), we created an in vivo assay differing in various aspects from recent methods (8) .
MATERIALS AND METHODS

Materials
Compounds of culture media were purchased from Life Technologies (Paisley, Scotland, UK). Other chemicals were from Sigma Chemical (Deisenhofen, Germany).
Indicator Strain
A non-revertible GSH-deficient mutant of S. cerevisiae was constructed by replacing the complete GSH1 gene with the selectable marker URA3 . Fusion of two haploid disruptants yielded the diploid MG5312 (MAT a /MAT α , ade2-101/ade2-101, LEU2/leu2-∆ 1, LYS2/lys2-801, TRP1/trp1-∆ 1, TRP5/ trp5-a, ura3-52/ura3-52, gsh1-∆ 1:: URA3/gsh1-∆ 1::URA3 ). Since GSH deficiency results in damaged mitochondria and thus slow-growing, respiration-deficient ( ρ -) cells, we chose a ρ -strain to ensure homogenous growth of the indicator strain. It can be requested from the authors free of charge.
Media and Culture Conditions
Cells of MG5312 were grown in YEPD media (10 g yeast extract, 20 g peptone, 20 g glucose, 10g agar per L), and for liquid media, the agar was omitted. Indicator plates contained 20 mL of synthetic omission media supplemented with adenine (3).
Preparation of Probes
Cells of yeast and other microorganisms were harvested, washed twice with and suspended in phosphate buffer (25mM KH 2 PO 4 , 50mM Na 2 HPO 4 , pH 7.0) to a final concentration of 2% wet cell weight/weight. Phosphate buffer was added to frozen human liver tissue to yield a 20% wt/wt suspension before homogenization with a Branson sonifier (Branson Ultrasonics, Danbury, CT, USA). All cell suspensions were heat-treated for 15 min at 85°C (2,7), and cell debris was removed by centrifugation (13 000 × g , 10 min).
Preparation of Indicator Plate Test
The indicator strain was grown to a cell density of 2 × 10 8 cells/mL, washed twice with and then suspended in phosphate buffer to a concentration of 2 × 10 7 cells/mL. One hundred microliters of this suspension were added to 3.5 mL top-agar (0.4% agar in phosphate buffer) at a temperature of 48°C and poured immediately on synthetic medium lacking GSH. After the topagar had solidified, plates were stored at 4°C until use. Twenty microliters of test solution were then applied on a sterile paper disc with 10 mm in diameter, which had been placed upon the agar surface. Plates were incubated at 30°C for 3 days.
Sho r t Technical Repo r t s Enzymatic Determination of GSH Content
Total GSH content was enzymatically assayed according to Akerboom and Sies (1) .
RESULTS
To test the sensitivity of the microbiological test system, filter discs containing from 0.1-3 µ g GSH were placed upon the indicator plates. After incubating the indicator plates for three days at 30°C, distinct circular growth areas surrounding the filter discs had developed, which did not expand further even if incubation was continued ( Figure 1 ). After plotting the diameter of growth area as a function of GSH content of the standard solution, a calibration curve can be obtained ( Figure  2 ) that allows a quantitative determination of GSH amounts between 0.1 and 2 µ g, representing growth areas with diameters ranging from 4-30 mm.
The diameters of growth areas were constant within a batch of indicator dishes but varied about ± 20% when changing growth conditions, e.g., increasing glucose content, changing amino acid supplement or GSH content in the complete medium used for preculturing of the GSH auxotrophic indicator strain. Best results were obtained when growing the indicator strain to a cell density of 2 × 10 8 cells/mL in 1% yeast extract medium. Storing indicator dishes for 2 weeks at 4°C did not affect growth response of the embedded indicator strain.
According to the underlying principles of detection, GSH, GSSG, glutathione-mixed disulphides, γ -glutamylcysteine or GSH derivatives like S-acetyl-GSH are capable of promoting growth of the indicator cells (Table 1) . Our microbial and the enzymatic GSH assay system yielded identical results when reading GSH contents from various sources (Table 2) .
A crucial advantage of the microbial test system arises from the simplicity of comparative investigations; for example, the test was routinely used in our laboratory for tracing the genetics of GSH1mutations in S. cerevisiae . This was performed by applying probes of the 4 ascospores on the same plate, on which a 2:2 segregation was clearly visible. Due to the fact that glutathione is released from cells during the entire cell cycle and not necessarily only by lysis of cells, it also proved successful to assay GSH excretion from growing, non-inactivated yeast cultures on the indicator dishes.
DISCUSSION
Because of the significance of GSH conjugates in the process of amino acid transport across membranes, release and uptake of GSH or γ -glutamyl-cysteinyl compounds is a widespread phenomenon among eukaryotic and prokaryotic cells (6) . In our recent study, the S.cerevisiaemutants show a complete loss of γ -glutamyl-cysteine synthetase ( γ -GCS; Gsh1) activity, so that at least the dipeptide bearing the γ -glutamyl-bond must be taken up should the mutants restore their growth. Wildtype-like growth of yeast mutants appears when embedded cells are able to acquire considerably low intracellular GSH concentrations (5).
Yeast extract (1%) from GSH1wild-type cells but not from gsh1-∆ 1cells promotes growth of the gsh1-∆ 1indica -tor cells; since 2% peptone solutions cannot support growth of the indicator strain, it is obvious that no other substance contained in eukaryotic cells can mimic the function of γ -glutamylcysteine compounds. However, when 884BioTechniques
Vol. 21, No. 5 (1996) 
Enzymatic Test Microbiological Test Probe (Effect Compared to GSH) (Effect Compared to GSH)
GSSG 200% 250%
S-acetyl-GSH <5% 600% γ -glutamylcysteine 5% <1% cysteinylglycine <1% not detected
Applied were equimolar concentrations of each substrate, and GSH values were set as 100%. number of semiquantitative assays, since up to 5 samples can be applied on the same petri dish within 1min. For assaying the biological availability of GSH homologues, the microbiological test has even big advantages (cf. above). All one must have is patience, because results are obtained only after 2-3 days of incubation.
